Abstract We have tested Galvanovskis and Sandblom's prediction that ion channel clustering enhances weak electric field detection by cells as well as how the elicited signals couple to metabolic alterations. Electric field application was timed to coincide with certain known intracellular chemical oscillators (phase-matched conditions). Polarized, but not spherical, neutrophils labeled with anti-K v 1.3, FL-DHP, and anti-TRP1, but not anti-T-type Ca 2+ channels, displayed clusters at the lamellipodium. Resonance energy transfer experiments showed that these channel pairs were in close proximity. Dosefield sensitivity studies of channel blockers suggested that K + and Ca 2+ channels participate in field detection, as judged by enhanced oscillatory NAD(P)H amplitudes. Further studies suggested that K + channel blockers act by reducing the neutrophil's membrane potential. Mibefradil and SKF93635, which block T-type Ca 2+ channels and SOCs, respectively, affected field detection at appropriate doses. Microfluorometry and high-speed imaging of indo-1-labeled neutrophils was used to examine Ca 2+ signaling. Electric fields enhanced Ca 2+ spike amplitude and triggered formation of a second traveling Ca 2+ wave. Mibefradil blocked Ca 2+ spikes and waves. Although 10 lM SKF96365 mimicked mibefradil, 7 lM SKF96365 specifically inhibited electric field-induced Ca 2+ signals, suggesting that one SKF96365-senstive site is influenced by electric fields. Although cells remained morphologically polarized, ion channel clusters at the lamellipodium and electric field sensitivity were inhibited by methyl-bcyclodextrin. As a result of phase-matched electric field application in the presence of ion channel clusters, myeloperoxidase (MPO) was found to traffic to the cell surface. As MPO participates in high amplitude metabolic oscillations, this suggests a link between the signaling apparatus and metabolic changes. Furthermore, electric field effects could be blocked by MPO inhibition or zremoval while certain electric field effects were mimicked by the addition of MPO to untreated cells. Therefore, channel clustering plays an important role in electric field detection and downstream responses of morphologically polarized neutrophils. In addition to providing new mechanistic insights concerning electric field interactions with cells, our work suggests novel methods to remotely manipulate physiological pathways.
Introduction
Under certain conditions, electric fields may interact with cells and tissues (Hoppe et al. 1983) . For example, living organisms use endogenous electric fields to direct cell growth and healing. Electric fields generated during development direct cellular orientation, migration, positioning, and differentiation (Jaffe and Nuccitelli 1977; Nuccitelli 1988; Hotary and Robinson 1994; Shi and Borgens 1995) . Therefore, it is not surprising that electric fields direct wound healing at the surface of an organism (Sheridan et al. 1996; Nishimura et al. 1996) . Exogenous electric fields also affect cells and tissues. For example, applied electric fields accelerate bone healing in patients (Bassett 1993) . Although the mechanism(s) responsible for these effects have not been firmly established, recent studies suggest that extracellular Ca 2+ and verapamil-sensitive channels participate in exogenous electric field-directed cell growth/extension, migration, and proliferation in DC and AC electric fields at intermediate intensities (Onuma and Hui 1988; Stewart et al. 1995; Zhuang et al. 1997; Lorich et al. 1998; Fang et al. 1998; Cho et al. 1999; Perret et al. 1999; Kenny et al. 1997; Wang et al. 2000) . Ca 2+ channel blockers inhibit galvanotaxis (Trollinger et al. 2002) . Furthermore, Ca 2+ signaling has been linked to electrically-stimulated bone healing (Brighton et al. 2001 ). Thus, the interaction of intermediate strength electric fields with cells is well established and has demonstrated clinical utility.
Although the interaction of intermediate strength electric fields with cells has become fairly well developed, the interaction of weak extremely low frequency (ELF) electric fields with cells has been controversial. Experimental studies have suggested variously that transmembrane signaling pathways, especially Ca 2+ , might be involved in cell detection of weak sinusoidal electric fields (Walleczek and Liburdy 1990; Uckum et al. 1995; Yost and Liburdy 1992; Lindstrom et al. 1995; Lyle et al. 1988 Lyle et al. , 1991 . However, these studies have suffered from the lack of a robust experimental observable as well as a rational mechanism linking field exposure to cellular changes. The results, however, are broadly reminiscent of those observed at intermediate field strengths.
One factor left unattended by previous weak electric field studies, which may account for the variability of the findings, is the timing (or phase) of the sinusoidal or pulsed electric field with respect to the endogenous timedependent chemical oscillators within living cells. For example, neutrophils exhibit oscillations in cell metabolism, intracellular Ca 2+ release, membrane potential, oxidant production, etc. with periods of $10 and $20 s (Petty 2001) . Moreover, Gruler and colleagues have shown experimentally and theoretically that intermediate strength pulsed electric fields enhance galvanotaxis of neutrophils when applied with a period of 8 s and that a lag time between field application and response was 8-10 s (Franke and Gruler 1994; Schienbein and Gruler 1995) . We have recently reported that when time-varying electric fields are applied to neutrophils during the trough of endogenous NAD(P)H oscillations, the cells greatly extend their length from $10 lm to $50 lm, the NAD(P)H oscillation grows dramatically in amplitude, superoxide production is increased, and, as a likely consequence of superoxide production, cellular DNA is damaged Rosenspire et al. 2000 Rosenspire et al. , 2001 . In contrast, if weak time-varying electric fields are applied to cells at some other point in their chemical oscillatory cycle, the effects disappear and the cells become spherical in shape. Thus, the exogenous electric field's phase relative to intracellular chemical oscillators is a key parameter in gathering robust data.
Although our prior studies have outlined the metabolic and chemical events leading to DNA damage due to weak extremely-low frequency (ELF) electric fields, we have not identified the early transmembrane signaling events contributing to these changes. We hypothesized that elements of the Ca 2+ signaling apparatus participate in cellular responses to appropriately phasealigned electric fields. Several observations supported the formulation of this hypothesis. First, as described above, intermediate strength electric fields appear to utilize Ca 2+ signaling pathways. Second, the ability of phase-matched DC and AC electric fields to increase metabolic oscillation amplitudes is shared with interferon-c, interleukin-12, and PMA (a tumor promoter), which all signal via Ca 2+ pathways (Aas et al. 1998 (Aas et al. , 1999 Petty 1993; H.R. Petty, unpublished) to enhance oscillatory metabolic amplitudes and oxidant production (Adachi et al. 1999; Berton et al. 1986; Ding et al. 1988) . Third, theoretical studies have suggested that weak ELF fields may interact with the intracellular Ca 2+ oscillator Kaiser 1993, 1995; Galvanovskis and Sandblom 1997) .
The theoretical study of Galvanovskis and Sandblom (1997) is particularly interesting as they suggest several conditions that might promote weak electric field detection by cells, some of which are directly accessible to experimental examination. One prediction of Galvanovskis and Sandblom (1997) is that ion channel clustering promotes the detection of weak electric fields. The present study confirms this prediction by showing: (1) morphologically polarized neutrophils exhibit K v 1.3 and Ca 2+ channel clusters at the lamellipodium and are responsive to weak electric fields whereas spherical cells display more uniformly distributed channels and are not responsive to these fields. (2) Channel blockers whose targets include channels known to cluster inhibit the effects of electric fields. (3) SKF96365-sensitive channels are the earliest step associated with electric field-specific Ca 2+ spikes and waves. (4) As these channels are associated with lipid rafts, mbCD, which has been reported to disrupt lipid rafts, blocks channel cluster formation and, in parallel, inhibits electric field-induced effects. Our work suggests that membrane channels, channel clustering and the Ca 2+ signaling apparatus participate in mediating cellular responses to weak electric fields, provided that the membrane potential is intact. We went on to show that these signals apparently promote the trafficking of myeloperoxidase to the cell surface, thereby promoting the peroxidase cycle, which enhances the amplitude of metabolic oscillations. In addition to providing dramatic evidence in support of the Galva-novskis and Sandblom model, we have defined experimentally several additional parameters that may be used to refine this model. Furthermore, a broad-based biological model of weak electric field-cell interaction is proposed.
Materials and methods

Materials
TRITC, FITC, indo-1-AM, FL-DHP (DM-bodipy (À)-dihydropyridine), di-8-ANEPPS, and Pluronic F-127 (20% solution in DMSO) were obtained from Molecular Probes, Inc. (Eugene, OR, USA). Tetraethylammonium chloride (TEA), 4-aminopyridine (4-AP), mibefradil, verapamil, nifedipine, SKF96365, and methyl-b-cyclodextrin (mbCD), were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The myeloperoxidase (MPO) inhibitors salicylhydroxamic acid (SHA), p-hydroxybenzoic acid hydrazide (pHBAH), cyanide, and hydroxyquinone (HQ) were purchased from Sigma. Native MPO was also purchased from Sigma.
Cells
Neutrophils were isolated from the peripheral blood of normal healthy adults using Ficoll-Hypaque (Sigma) density gradient centrifugation (Sehgal et al. 1993 ). Purified cells were >95% viable as judged by trypan blue exclusion.
Anti-Kv1.3, anti-TRP-1 and anti-MPO antibodies
Polyclonal rabbit anti-Kv1.3, anti-TRP1 and anti-lactate dehydrogenase antibodies were purchased from Chemicon International Inc. (Temecula, CA, USA). Both of these antibodies were prepared using human peptides. Anti-FccRIII (Medarex, Princeton, NJ, USA) was used as a negative control. A FITC-conjugated antihuman MPO antibody was purchased from Accurate Chem. Inc. (Westbury, NY, USA).
For TRITC antibody conjugation, the pH of antibody solution was increased by overnight dialysis against carbonate buffer (pH 9.6; 0.2 M). TRITC was then added at a molar ratio 1:13 for 3 h with shaking followed by overnight dialysis against PBS (pH 7.4) and Sephadex G25 column chromatography.
Anti-T-type Ca
2+ channel antibody Several previous workers have prepared polyclonal antibodies directed against the T-type Ca 2+ channel (Andreasen et al. 2000; Weiergraber et al. 2000) . The antibody was prepared as described by Andreasen et al. (2000) by using a peptide corresponding to amino acids 1 to 22 of the NH 2 terminal region of human a1G subunit of the low voltage T-type Ca 2+ channel (NCBI locus AF126966) with addition of a C-terminal cysteine: NH 2 -MDEEEDGAGAEESGQPRSFMRL(C)-COOH.
The purified peptide was conjugated to KLH then used to immunize rabbits (Bio-Synthesis Inc., Lewisville, TX, USA). The IgG fraction was found to specifically label cells.
mbCD treatment of cells
Lipid rafts have been reported to be disrupted by mbCD treatment. Neutrophils were incubated in buffer containing 5 mM mbCD for 5 min at 37°C as described (Sitrin et al. 2004 ).
Electrode configuration
Electric fields were applied as described Petty 2000; Rosenspire et al. 2000 Rosenspire et al. , 2001 . Briefly, chambers were constructed using two parallel Pt electrodes (0.25 mm in diameter) separated by 11 mm. Electrodes were attached to a glass microscope slide. A coverslip was placed over the electrodes; the apparatus was sealed with silicone grease. This gave the chamber dimensions of 0.254 mm·11 mm·25.4 mm. The resistivity of the medium was typically 140 Ohm cm. In some experiments samples were isolated from the electrodes using a gelatin matrix. A power supply was used to apply pulsed square wave DC electric fields of various intensities. The pulsed field was applied manually during observations. Electric field intensities were determined by measuring the current using an electrometer (Keithley, Cleveland, OH, USA; model 6517A), which has an extremely low voltage burden, fast settling time and high resolution.
Indirect immunofluorescence staining
Fluorescence microscopy was performed with an Axiovert 135 fluorescence microscope with a high numerical aperture condenser, quartz objective, and an AttoArc mercury lamp (Zeiss). Cells attached to coverslips were fixed with 3.7% paraformaldehyde for 30 min at room temperature then blocked with 3% BSA then immunostained. For double-staining experiments, fixed cells were washed several times with HBSS then labeled with TRITC-conjugated polyclonal rabbit antibody against K v 1.3 channel (10 lg/ml) for 1 h at room temperature. After several washes cells were fixed again with 3.7% paraformaldehyde and blocked with 3% BSA in HBSS, followed by labeling with FITC-conjugated anti-TRP1, anti-T-type channel, anti-CD16 or FL-DHP for 1 h at room temperature. After extensive washing the coverslip was inverted and mounted on a slide. The stained cells were observed using conventional fluorescence microscopy. In other cases, images from multiple focal planes were collected using a z-scan apparatus (Veytek, Inc., IA, USA) and a cooled Retiga 1300 camera (Q-Imaging, BC, Canada) or an intensified chargecoupled device camera (Hamamatsu, Hamamatsu City, Japan). Images were managed, processed and deconvoluted using Supermicro Ultra 320 workstation with the software packages: Image-Pro, Microtome, Image-Scan, and Vox-Blast (Veytek, Inc.). In both cases, narrow bandpass filters were used to obtain specific fluorescence. Representative sections of immunostained fluorescent samples are shown below.
Optical transmembrane potential labeling Di-8-ANEPPS was added to adherent neutrophils at a final concentration of 5 lM. Pluronic F-127 (0.05%) was used to enhance labeling. Cells were incubated with dye at 4°C for 30 min followed by extensive washing.
Microfluorometry
Quantitative microfluorometry and excitation spectroscopy were performed on single cells using a Peltiercooled photomultiplier tube (PMT) D104 system (Photon Technology Int., Lawrenceville, NJ, USA) attached to a Zeiss axiovert 35 (Carl Zeiss, Inc., New York, NY, USA) fluorescence microscope. A monochromator and a fiber-optically coupled xenon lamp were controlled by FeliX software (Photon Tech.). Cells were labeled with indo-1-AM at 5 lg/ml for 20 min at 37°C, as described (Sehgal et al. 1993; Kindzelskii and Petty 2003) . During microfluorometry of indo-1-labeled cells the excitation and emission wavelengths were set using excitation at 350 nm (10 nm band-pass) and emission was detected using a 400LP dichroic mirror and a 405DF43 emission filter. For short time base experiments (e.g., 500 data points/s), it was necessary to both increase the illumination light level and to increase the gain of the amplifier. The probe di-8-ANEPPS was used with excitation and emission wavelengths of 465 nm and 610 nm (610/ 22 DF), respectively. For this probe a long-pass dichroic mirror at 560 nm (Omega Optical) was employed. The PMT output was recorded as a function of time.
High-speed imaging and emission spectroscopy High-speed imaging was performed using an axiovert 135 fluorescence microscope with a quartz condenser, quartz objective, and an AttoArc mercury lamp (Zeiss). To image the low wavelength indo-1 region, a 355HT15 exciter, 390LP dichroic reflector and a 405DF43 emission filter were employed. To increase light collection efficiency, the microscope's bottom port was employed. This port was fiber-optically coupled to the input of an Acton-150 (Acton Instruments, Acton, MA, USA) imaging spectrophotometer. The exit side was connected to a liquid N 2 -cooled intensifier attached to a Peltiercooled I-MAX-512 camera ($À20°C) (Princeton Instruments Inc., Trenton, NJ, USA) Petty 2003, 2002) . A Gen-II tube was used to provide maximal efficiency in the violet-blue region of the spectrum. The camera was controlled by a high-speed Princeton ST-133 interface and a Stanford Res. Systems (Sunnyvale, CA, USA) DG-535 delay gate generator . A custom-built computer with dual 3.06 GHz Xenon processors with 1 MB onboard cache each, 3.0-Gb RAM, 3.2 Tb of hard drive space with 64MB cache, and a RAID-5 hard drive management system was used. For experiments, 2 Gb of RAM was allocated as a RAM disk. Winspec-32 (version 2.5.14.1; Princeton Instruments) software was used with a PCI communication accelerator. To improve computer acquisition times, the size of the pixel detection array of the CCD chip was adjusted using a Virtual-Chip plug-in. Winspec CPU calls were given system priority to enhance the instrument's duty cycle. Data were acquired without reporting to the monitor to further improve system speed.
Reproducibility of results
In the experiments listed below, the number of independent days upon which the results were replicated are given as n. For conventional imaging experiments, roughly 50-100 cells were examined each day. Fewer cells, approximately 10 per day, were studied with high speed and z-scan deconvolution microscopy.
Results
Although previous studies from this laboratory have demonstrated that neutrophils are capable of detecting pulsed weak (10 À4 V/m) electric fields Rosenspire et al. 2001) as well as applied magnetic fields (Rosenspire et al. 2003) , the early mechanistic steps in field detection are unknown. The present study tests the hypothesis that membrane channels and Ca 2+ signaling participate in this process.
K v 1.3 Channels, FL-DHP Binding Sites, and TRP1 Cation Channels, but not T-type Ca 2+ Channels, Cluster at the Lamellipodium of Polarized Neutrophils Galvanovskis and Sandblow's (1997) theory predicts that weak electric field detection is enhanced on cells with clustered ion channels. To test this possibility we studied K + and Ca 2+ channels of human neutrophils. These channels are known to participate in signaling for ROM production by neutrophils, which is one consequence of neutrophil exposure to weak phase-matched electric fields . Localization of K + channel K v 1.3 was performed by indirect immunofluorescence. The experiment in Fig. 1a , b shows cells treated with an electric field, fixed, then labeled with a monospecific anti-K v 1.3 Ab. As previously noted , the orientation of the applied field relative to the direction of morphological polarization of the cell apparently has no effect on field sensitivity. As this figure shows, the cell phasematched with the field elongated and demonstrated bright labeling of K v 1.3 at the lamellipodium. In contrast, the spherical cell in this same experiment did not respond to the electric field with a shape change and exhibited a uniform membrane distribution of K v 1.3. The cell surface features of Ca 2+ channels were also studied. Neutrophils (Fig. 1c, d ) were labeled with 50 lg/ml (30 min at 19°C) fluorescent dihydropyridine FL-DHP then washed as described (Knaus et al. 1992a (Knaus et al. , 1992b Berger et al. 1994 ). This molecule has been reported to bind to L-type Ca 2+ channels, (Shaw and Quatrano 1990; Goligorsky et al. 1995; NachmanClewner et al. 1999; Schild et al. 1995; Oshima et al. 1996; Vallee et al. 1997; Knaus et al. 1992a, b; Berger et al. 1994) , although DHPs may bind to other classes of Ca 2+ channels as well Sadighi et al. 1996) . Although non-adherent cells were uniformly labeled with FL-DHP, polarized cells were predominantly labeled at the lamellipodium (Fig. 1d) . Thus, cells exposed to an electric field, rapidly fixed as described , then labeled with FL-DHP, showed intense and localized labeling of the lamellipodium (Fig. 1d) . However, cells labeled with anti-T-type Ca 2+ channel antibody did not show such a dramatic redistribution to the lamellipodium (Fig. 1e, f) . Inasmuch as the TRP proteins represent a novel, important class of membrane cation channels, including those with store-operated properties, we also analyzed the cell surface distribution of TRP1. Figure 1g , h shows that anti-TRP1 antibodies brightly label the lamellipodium of polarized neutrophils, suggesting a redistribution of these channels as well. Hence, TRP-1, K v 1.3, and HL-DHP binding sites, but not T-type channels, demonstrate enhanced labeling of the lamellipodium.
Although Fig. 1 suggests that ion channels are clustered following exposure to a phase-matched electric field, it does not reveal if K v 1.3 and TRP1 channels were clustered prior to field application. As ion channel clustering is a proposed requirement for field detection (Galvanovskis and Sandblom 1997) , we examined cells in the absence of applied fields. Morphologically polarized cells were examined in the absence of electric field exposure. These cells also displayed enhanced membrane channel labeling of the lamellipodium. This was observed for the same reagents noted above (Kv1.3, FL-DHP, and TRP1), as illustrated in Fig. 2 . The asymmetric distributions of K v 1.3, TRP1 and FL-DHP binding sites and the accompanying sensitivity of morphologically polarized cells to weak electric fields are consistent with theoretical predictions and support the hypothesis that channel clustering enhances electric field sensitivity (Galvanovskis and Sandblom 1997) .
Although Figs. 1 and 2 strongly support extensive channel redistribution, we have provided additional support using z-scan optical imaging followed by deconvolution analysis. This method corrects for the potential contribution of out-of-focus fluorescence to the apparent fluorescence intensity of the lamellipodium. Figure 3 shows representative deconvoluted images of Fig. 1 The distribution of membrane channels on morphologically polarized neutrophils. DIC (a, c, e, and g) and fluorescence (b, d, f, and h) micrographs are shown. The micrographs were chosen to illustrate that facts that morphologically polarized neutrophils exposed to electric fields (0.4 V/m, 200 ms) phase-matched to intracellular chemical oscillators extend their lengths (a, c, e and g) and express clusters of certain ion channels at the lamellipodium (b, d and h). The spherical cells in each experiment serve as internal controls. After exposure to a phase-matched field for about 8 min (roughly 28 pulses), samples were fixed with 3.7% paraformaldehyde then stained with anti-K v 1.3 (a, b), FL-DHP (c, d), anti-Ttype Ca 2+ channel (e, f), and anti-TRP1 (g, h). K v 1.3, TRP1, and FL-DHP binding sites are predominantly found at the leading edge of the cells, whereas the distribution of T-type channels is more uniform. The polarity of the electric field is indicated on the DIC micrographs in this and subsequent figures by a circled arrow. Each of the experiments was repeated on six different days (n=6) with indistinguishable results. The channel distributions of ‡30 cells phase-matched to an applied electric field were studied on each day. (·1,180) (bar=10 lm) K v 1.3 and TRP1. It was not possible to perform z-scan analyses on FL-DHP due to its weak intensity and photobleaching. As suggested by Figs. 1 and 2, Kv1.3 and TRP1 can be found about the spherical cells (Fig. 3a, b , e, f). These findings suggest that Kv1.3 and TRP1 may be found within clusters in the plasma membrane. When cells were examined during exposure to phase-matched electric fields, both Kv1.3 and TRP1 were found to cluster (Fig. 3d,h) . Therefore, the formation of large ion channel-rich domains can be observed.
Physical proximity of K v 1.3 K + channels and Ca
2+ channel labels
The co-localization of K v 1.3 and Ca 2+ channels at the lamelliopodium suggest that they may be adjacent to one another in the membrane. To assess the physical proximity of K v 1.3 and Ca 2+ channels on neutrophils, RET experiments were conducted on cells labeled with donor and acceptor-labeled reagents. Cells were labeled with FL-DHP and rhodamine-conjugated anti-K v 1.3, as described above. Figure 2a -c shows the distribution of FL-DHP and anti-K v 1.3 on cells, which recapitulate the findings noted above. The labeling patterns of FL-DHP and anti-K v 1.3 differ on both spherical and polarized cells. For example, FL-DHP appears to be excluded from the body of polarized cells and its labeling pattern on spherical cells is much more punctate than that of K v 1.3 (Fig. 2b vs. c) . Thus, FL-DHF and anti-K v 1.3 labeling are not identical, which suggests that FL-DHP is not binding to Kv channels in these experiments. Using well-established methods in this laboratory (e.g., Kindzelskii et al. 1996 Kindzelskii et al. 1997 Zarewych et al. 1996; Sitrin et al. 2001) , we have observed RET between these two membrane channels on neutrophils. Figure 2d shows that RET emission is most intense in a region of the lamellipodium, although intensity is also found in clumps about the periphery of the spherical cell. We next performed RET experiments using the Ab labels for the T-type Ca 2+ channel and the TRP1 cation channel. The T-type Ca 2+ channel was primarily found in a uniform distribution about the perimeter of both spherical and polarized cells (Fig. 2g) . RET between K v 1.3 and T-type Ca 2+ channels was detected (Fig. 2h) , although its intensity was below that of FL-DHP and anti-TRP1-labeled cells. Anti-TRP1 staining resembled that of FL-DHP (Fig. 2k,c, respectively) . Furthermore, RET was detected between K v 1.3 and TRP1 (Fig. 2l) . In contrast to these results, cells stained with anti-K v 1.3 and anti-CD16 did not display RET, which constitutes a negative control. Therefore, as anticipated, RET is not a general property of membrane proteins. Furthermore, RET was found to be especially strong on polarized cells.
These RET imaging results were confirmed using fluorescence spectrophotometry of individual cells using an imaging spectrophotometer. The fluorescence emission spectra of FITC and TRITC labels are shown in and FITC (c, g, k) optical filters. TRITC images were collected using emission and excitation filters at 540/20 nm and 590/30 nm and a dichroic mirror at 510 nm. FITC images were collected using emission and excitation filters at 485/22 nm and 530/30 nm and a dichroic mirror at 560 nm. On the right hand side, column 4 (d, h, l) shows the fluorescence RET emission. RET studies were performed using an excitation filter of 485/22 nm, an emission filter of 590/ 30 nm and a dichroic mirror at 510 nm. In contrast to the cells of Fig. 1 , these cells were not exposed to an electric field. In all experiments neutrophils were labeled with TRITC-anti-K v 1.3 antibodies. Neutrophils were also labeled with: FL-DHP in panels a-d, FITC-anti-T-type channel in panels e-h, and FITC-anti-TRP1 channel in panels i-l. Although RET was pronounced at the lamellipodium of polarized cells, a lower level of RET was found associated with spherical cells. Spectroscopic controls using cells labeled with only TRITC or FITC showed that cross-talk between the filter sets was not significant at the gain settings used. These findings and interpretations are further supported by the emission spectroscopy studies shown in Fig. 4 . Thus, certain channels cluster at the lamellipodium of polarized neutrophils in the presence (Fig. 1) or absence (this figure) of an applied electric field. Furthermore, these channels are in close proximity to one another as judged by RET. (n=5) (·1,190) (bar=10 lm) Fig. 4a . In this case cells were only labeled with the donor or the acceptor molecules. In Fig. 4b we show the presence of the rhodamine emission peak at approximately 580 nm during excitation of FL-DHP, thus indicating RET between these two labels. Further studies using the anti-K v 1.3 reagent with anti-T-type channel ( Fig. 4c ) and anti-TRP1 (Fig. 4d) If membrane channel clusters participate in the detection of weak electric fields, channel blockers should influence cell responses to these fields. Therefore, we examined the effect of verapamil on the ability of phase-matched pulsed DC fields to trigger metabolic resonance. As we have reported previously (Petty 2000; Rosenspire et al. 2000) , the application of frequency-and phase-matched electric fields causes metabolic resonance in neutrophils (Fig. 5e vs. a) . A verapamil dose of 110 lg/ml (30 min at 37°C) was found to inhibit metabolic resonance (Fig. 5f ), although it had no immediate effect on untreated cells (Fig. 5b) . Our studies indicated that the effect of verapamil was both time-and concentration-dependent. The time of 30 min was chosen because it was an easily accessible experimental incubation time and it was effective over a range of doses. A pulsed (200 ms duration) DC electric field of 0.4 V/m was used, although the effects can be observed at field intensities as low as 10 À4 V/m (Kindzelskii and Petty 2000; Rosenspire et al. 2000 Rosenspire et al. , 2001 ; see below). The intensity of 0.4 V/m was chosen because it is far above the minimal field intensity required for metabolic resonance and therefore the disappearance of metabolic resonance could not be explained by the use of a borderline field intensity, i.e., we wanted to show clearly that the effect was blocked. Although phase-matched electric fields increase the amplitude of metabolic oscillations in neutrophils, application of this same field to verapamil-treated cells has no effect ( Fig. 5f ). Therefore, the high amplitude NAD(P)H oscillations seen during exposure to weak electric fields are inhibited by verapamil.
We next sought to ascertain the dose-response characteristics of verapamil on the electric field sensitivity of neutrophils. Figure 6a shows the verapamil dose-electric field cut-off response curve. The electric field cut-off is defined as the minimum field intensity that supports metabolic resonance . As shown, electric field sensitivity is affected by verapamil. The verapamil data exhibit a 50% reduction in field sensitivity at about 75 lg/ml. This concentration of verapmil is in agreement with the doses previously reported to block K + channels (Robe and Grissmer 2000; Rauer and Grissmer 1999) .
In as much as verapamil can interact with K + channels as well as Ca 2+ channels, we examined the potential role of K + channels in electric field-mediated reagents, which did not display detectable RET in (e). RET can be observed among certain membrane proteins using emission spectroscopy metabolic resonance. To test the role of K + channels in metabolic resonance, cells were treated with K + channel blockers. Neutrophils were separately treated with the well-known K + channel blockers TEA and 4-AP. Doseresponse studies (Fig. 6b, c) showed that 1.5 mM TEA or 11lM 4-AP block metabolic resonance during phasematched electric field exposure. These doses are consistent with the concentrations expected for K + channels in leukocytes (e.g., Lin et al. 1993; Lewis and Cahalan 1995; Blunck et al. 2001) . The slopes of the dose-response curves are high, which may be accounted for by the fact that this late physiological output is dependent upon the ignition of chemical waves (see below) and is measured in single cells. However, in these cases kinetic experiments revealed that roughly 20-25 min were required to block the acquisition of high amplitude metabolic oscillations (data not shown). As the time required for the inhibitors to bind to K + channels is much less than the time required by K + channels to exhibit a bioeffect, they are not likely to be the initial field detector.
We next evaluated the effect of Ca 2+ channel blockers on cellular detection of weak electric fields. The reagent nifedipine, a more specific Ca 2+ channel blocker than verapamil, was employed. Although nifedipine may affect metabolic resonance (Fig. 6d) , the inhibitory concentration ($1 mM) is several orders of magnitude greater than its K d for L-type Ca 2+ channels ($1 nM). Therefore, the effect of nifedipine is likely to be nonspecific in nature; it can be considered as a good negative control. We next tested the potential role of T-type low voltage-gated Ca 2+ channels. The reagent mibefradil is known to block T-type Ca 2+ channels (Perez-Reyes 2003) . Figure 6e shows the mibefradil dose-electric field cut-off response curve. As these data show, mibefradil inhibits electric field intensity by 50% at about 1 lM. This concentration of mibefradil is in agreement with the doses needed to effect neutrophil activation and it is consistent with binding to T-type channels (Perez-Reyes 2003) . Furthermore, the incubation time with mibefradil needed to block metabolic resonance was brief (<5 min), suggesting that T-type Ca 2+ channels participate in cell sensitivity to electric fields prior to K + channels.
As SOCs have been found to be a crucial element of the Ca 2+ signaling apparatus (Itagaki et al. 2002 ), we have also tested the effect of SKF96365, which inhibits SOCs and certain TRP family proteins (Pizzo et al. 2001; Halawszovich et al. 2000) . SKF96365 was found to inhibit metabolic resonance at 3.5 lM for 4 min at 37°C (Fig. 5h) . Half-maximal inhibition with SKF96365 occurred at about 9 lM (Fig. 6f) , which is consistent with the literature (Halaszovich et al. 2000; Hayat et al. 2003) . Electric field sensitivity was also rapidly inhibited by SKF96365, suggesting that it is acting at a relatively early point in electric field stimulation.
Detection of the optical transmembrane potential
Our findings suggest that both K + and Ca 2+ channels participate in sensing weak electric fields. This raises the mechanistic issue of how at least three different channels could be important in field detection. However, a solution is suggested by the facts that: (1) the T-type Ca 2+ channel is only functional within a range of membrane potentials (Perez-Reyes 2003) and (2) the K + channel K v 1.3 is the K + leak channel of leukocytes (Leonard et al. 1992; Koo et al. 1997 ) and therefore sets the magnitude of the membrane potential. This immediately suggests that verapamil, TEA, and 4-AP may act by inhibiting the K + leak current and, thereby, the membrane potential. We therefore tested the ability of verapamil, TEA, and 4-AP to affect membrane potential. Changes in the transmembrane potential were monitored using the fluorescent dye di-8-ANEPPS, which has an emission intensity proportional to the magnitude of the membrane potential (Witkowski et al. 1998 ). The fluorescence intensity measured is then interpreted as the optical transmembrane potential (OTP). Previous studies have shown that morphologically polarized neutrophils Control cells show that electric fields application during the trough of the NAD(P)H oscillation leads to the formation of high amplitude oscillations, as previously described , a phenomenon we refer to as metabolic resonance. We have found that certain channel blockers inhibit metabolic resonance. Verapamil at 100 lg/ml blocks metabolic resonance within 30 min (column 2). Mibefradil, an inhibitor of T-type Ca 2+ channels, inhibits metabolic resonance at a dose of 5 lM (column 3). In addition, SKF96365, an inhibitor of SOCs, blocks metabolic resonance at a concentration of 4 lM (column 4). Thus, at appropriate doses, these channel blockers interfere with cellular responses to phase-matched DC electric field application. Vertical bar=10 4 counts/s. Horizontal bar=1 min exhibit an oscillatory membrane potential (Jager et al. 1988) . Figure 7a , trace 1 confirms this prior observation using different methodology. To establish that these oscillations in fluorescence intensity were an indication of membrane potential, the OTP of neutrophils was measured in a flow-through microscope chamber (Albrecht and Petty 1998) in the absence and presence of a high K + solution. Buffers containing high K + concentrations are known to disrupt normal transmembrane potentials of neutrophils (Luscinskas et al. 1988) . When a high sodium buffer is replaced with an iso-osmotic high K + buffer using rapid injection into the flow-through chamber, the OTP oscillations rapidly disappear (Fig. 7a, trace 2) . However, when the high K + buffer was replaced with the original buffer, the oscillatory OTP returned (Fig. 7a , trace 2).
Previously described oscillations of neutrophils, such as Ca 2+ and NAD(P)H oscillations, have taken the form of spikes and sine waves. In contrast, these OTP traces are in the form of sawtooth waves (Fig. 7a, trace  1) . Thus, the OTP of morphologically polarized neutrophils is characterized by slow rise followed by a rapid depolarization. We hypothesize that the slow rise in OTP is due to the membrane Na + /K + -ATPase, which is electrogenic and a primary contributor to charge displacement across a cell membrane (Majander and Wikstrom 1989) . To test this concept, we examined the OTP at several concentrations of ouabain, an inhibitor of the Na + /K + -ATPase. Figure 7a , trace 3 illustrates the . The 50% inhibition concentrations were found to be 4.65±0.12 lM for verapamil, 1.49±0.06 mM for TEA, 13.85±0.35 lM for 4-AP, 0.79±0.05 mM for nifedipine, 1.06±0.06 lM for mibefradil, and 3.78±0.11 lM SKF96365. Incubations were performed for 15 min at room temperature, except for verapamil, which was performed for 30 min. As the concentration of inhibitor is increased, cells become less sensitive to electric fields. Verapamil inhibits metabolic resonance at a concentration consistent with binding to potassium channels. The potassium channel blockers EA and 4-AP are active at concentrations expected for potassium channel inhibition (b, c). However, the concentration of nifedipine required to block metabolic resonance is much too high to be accounted for by its ability to block L-type Ca 2+ channels (d). Mibefradil and SKF96365, T-type Ca 2+ channel and SOC blockers, respectively, inhibit metabolic resonance at concentrations consistent with specific channel blockage (e, f). Thus, cellular detection of electric fields is sensitive to certain types of channel blockers effect of the addition of 50 lM ouabain, a suboptimal dose, on the OTP of polarized neutrophils. It is clear that ouabain reduces the slope associated with the increase in fluorescence intensity (or repolarization). Thus, the amplitude of the OTP changes is regulated by the Na + /K + -ATPase. The period of the OTP oscillations appears to be related to the intracellular Ca 2+ signaling apparatus. Thapsigargin, an inhibitor of the Ca 2+ -ATPase found in the endoplasmic reticulum, has previously been shown to alter the period of Ca 2+ oscillations of cells (Visegrady et al. 2001) . When a suboptimal dose of 40 nM thapsigargin is added to polarized neutrophils, the oscillation period gradually increases (Fig. 7a , trace 5 vs. the control of trace 6). The OTP of neutrophils oscillates in time with the repolarization of the membrane dependent upon the Na + /K + -ATPase and the period phenomenologically associated with the rate of Ca 2+ entry into the endoplasmic reticulum.
Having confirmed the nature of the OTP oscillations, we next tested the effect of phase-matched electric field exposure and verapamil on OTPs. Although application of an electric field (0.2 V/m) did not have a significant effect on the peak fluorescence intensity of the OTP oscillations (or magnitude of the transmembrane potential), it dramatically enhanced the oscillatory depolarization of the membrane (Fig. 7a, trace 7) . One potential explanation is that the electric field is augmenting the entry of charged ions, including Ca 2+ ions entering via Ca 2+ channels. Importantly, the timing of the exogenous electric field application (arrowheads in Fig. 7a ) coincided with the brief period of membrane depolarization (shown here as a rapid reduction in di-8-ANEPPS fluorescence). The periodic neutrophil membrane depolarization may explain why application of the exogenous electric field must be carefully timed with respect to intracellular oscillators, although this is presently only a correlation. Fig. 7 Analyses of the optical transmembrane potential (OTP) of polarized neutrophils. The OTP of neutrophils was assessed using the fast membrane potential sensitive dye di-8-ANEPPS. The fluorescence emission intensity of di-8-ANEPPS in counts is plotted at the ordinate whereas time (s) is given at the abscissa with a temporal resolution of 20 data points/s. Although intensity changes are proportional to membrane potential changes, some cell-to-cell variability in intensity may be due to differences in loading. a Physical properties of the OTP. Trace 1 shows a representative kinetic evaluation of the OTP, which takes the form of a sawtooth wave with a period of about 20 s Using a flow-through chamber, rapid exchange of the buffer with 100 mM high potassium buffer abolishes the OTP oscillations (trace 2). However, the effect is reversible as replacing the medium with a high sodium buffer rapidly restores the properties of the OTP. To better understand the biochemical contributors to the dynamic properties of the OTP, cells were treated with various factors. Ouabain (50 lM) was found to reduce the slope of the sawtooth wave (trace 3) vs. control (trace 4). In contrast, thapsigargin (0.4 lM) was found to increase the period of the oscillations (trace 5) vs. control (trace 6). When an electric field was applied during the brief fall in di-8-ANEPPS intensity (depolarization), the depolarization was further enhanced (trace 7). b Time-dependent effects of verapamil on di-8-ANEPPS emission intensity. Verapamil at 80 lM was added to cells followed by measurements of the di-8-ANEPPS intensity. To illustrate the time-dependent reduction in di-8-ANEPPS intensity, three measurements of the same cell at different times are overlaid in this panel (traces 1-3). Traces 1, 2, and 3 were begun after 10, 15, and 30 min of exposure to verapamil, respectively. The reduction in intensity indicates that the membrane potential is falling during incubation with verapamil. c Effects of channel blockers on the OTP response to electric fields. Brief DC pulses were applied as indicated (arrows). In trace 1 the OTP was quantitated after treatment with 80 lM verapamil. Initially, cell responded to electric field application. After >30 min of incubation with verapamil, as ability of the cells to respond to the field disappeared, as indicated at the right hand side of trace 1. OTP oscillations were dramatically inhibited by 20 lM mibefradil (trace 2). Although 4 lM SKF96365 had no effect on the regular depolarizations of polarized neutrophils, it did block the enhancement of depolarization seen during application of an exogenous electric field. Trace 3 shows a kinetic study performed immediately after addition of 4 lM SKF96365 to cells. Within 3 min, the cells lost their ability to respond to an electric field b Using this experimental system, we next tested the hypothesis that verapamil affects the membrane potential of neutrophils. Immediately upon addition to cells, 40 lg/ml verapamil had no effect on the OTP during exposure to electric fields. We found that 40 lg/ml verapamil required approximately 18 min to block the enhanced depolarization mediated by electric fields (data not shown). The effect was dependent upon concentration since 50 lg/ml verapamil required only 15 min and 25 lg/ml verapamil required 35 min (data not shown). Thus, verapamil requires a substantial amount of time to block metabolic resonance. As Kv1.3 is a primary contributor to the K + leak current in leukocytes and thereby sets the membrane potential (Leonard et al. 1992; Koo et al. 1997) , we checked the time-dependent influence of verapamil on the OTP of cells. Figure 7b , traces 1-3 illustrates the effect of the addition of 40 lg/ ml verapamil on the OTP of polarized neutrophils. As this figure shows, the OTP of neutrophils steadily drops over time. However, it is possible that photobleaching might contribute to this reduction in fluorescence intensity. To control for this possibility, di-8-ANEPPSlabeled neutrophils were observed under identical experimental conditions except that verapamil was omitted. Under these conditions, no significant change in fluorescence intensity was observed (data not shown). Thus, the ability of verapamil to block metabolic resonance may be due to its effect on membrane potential. This finding is consistent with the potential role of Ttype Ca 2+ channels as they are functional in a narrow range of membrane potentials.
As the data of Fig. 5 indicate that mibefradil and SKF96365 alter metabolic oscillations in the presence of a phase-matched electric field, we checked the influence of these inhibitors on the OTP of neutrophils. As expected, the addition of 40 lg/ml verapamil had no effect on the electric field-induced enhancement of membrane depolarization (Fig. 7c, trace 1) . At 20 lM mibefradil, with or without exposure to electric fields, reduced greatly the amplitude of the OTP oscillations (Fig. 7c, trace 2) within 3 min This suggests that T-type Ca 2+ channel blockage is not specific for electric field effects and that Ca 2+ entry plays an important role in mediating the oscillatory depolarization of the membrane. Although addition of 4 lM SKF96365 had no effect on the OTP oscillations, the application of an electric field did not enhance the depolarization of the cell. Furthermore, if 4 lM SKF96365 is added to cells during the application of phase-matched electric fields, within 3 min the cells stop responding to the exogenous field (Fig. 7c, trace 3) . Not only does this suggest that a low-dose SKF96365-sensitive channel participates in field sensitivity, but that the response exhibits an all-or-none type of behavior.
Extracellular Ca
2+
The inhibitor studies described above indicate that metabolic resonance in an external electric field requires membrane channels and that some of these membrane channels are permeable to Ca 2+ . This finding suggests that Ca 2+ entry is important in this process. To test this idea, neutrophils were examined in a flow-through microscope chamber, as described (Albrecht and Petty 1998) . When studied in a Ca 2+ -containing buffer, metabolic resonance was induced in the cells using an appropriately timed electric field (Fig. 8) . However, if the Ca 2+ -containing buffer is washed out by replacing it with an iso-osmotic Ca 2+ -free buffer, metabolic resonance disappears (Fig. 8) . Since the same cell is observed in the presence and absence of an applied electric field and in the presence and absence of a Ca 2+ -containing buffer, this experiment has internal control experiments.
External Ca 2+ appears to be an important contributor to metabolic resonance in an applied electric field. (Marks and Maxfield 1990; Maxfield and Kruskal 1987) . As these investigators have previously reported, we have observed Ca 2+ spikes in polarized neutrophils using quantitative microfluorometry. Figure 9a illustrates these Ca 2+ spikes for an indo-1 labeled neutrophil using a PMT for fluorometric recording. This Fig. 8 Metabolic oscillations during application of a phasematched electric field in the presence and absence of extracellular Ca 2+ . NAD(P)H autofluorescence intensity in counts (ordinate) is plotted vs. time (abscissa) at a resolution of 20 data points/s. Experiments were performed as described in Fig. 4 . A brief DC electric field (0.4 V/m, 200 ms) was applied at the arrows shown. NAD(P)H oscillations of the same cell is shown with and without external Ca 2+ and with and without electric field exposure, thereby forming internal control experiments. Metabolic resonance is observed in the presence of external Ca 2+ . However, when this medium was replaced with a buffer prepared under Ca 2+ -free conditions (100 mM NaCl, 20 mM KCl, 5 mM MgCl 2 , and 4 mM glucose) using a flow-through cell, the high amplitude metabolic oscillations rapidly disappeared despite the presence of an applied electric field. Bar=1 min shows a series of spikes with an interval of approximately 20 s and a duration of 210 ms We next studied the effects of phase-matched pulsed electric fields on Ca 2+ signaling. Figure 9a shows an example of Ca 2+ spikes in untreated polarized neutrophils during application of a phase-matched electric field (arrows). As Ca 2+ spikes and NAD(P)H oscillations are not temporally aligned, this accounts for field application just prior to the spike (Petty 2000) . As these data show, the Ca 2+ spike becomes significantly more intense and of a somewhat longer duration. As noted for the OTP studies, the Ca 2+ spike intensity takes on just one value in the presence of a phase-matched electric field, i.e., there are no intermediate values found during electric field treatment. In addition, the Ca 2+ spikes appeared to develop further structural features during the longer duration. To more clearly identify these changes, experiments were also performed using a shorter timebase. Figure 9b , c shows Ca 2+ spikes of neutrophils in the absence and presence of an applied electric field, respectively. These experiments illustrate several additional details concerning the Ca 2+ spike. In the absence of an applied electric field, there is an initial low intensity shoulder followed by an intense peak then a decay in indo-1 intensity. In the presence of a phase-matched electric field, the initial $200 ms resembles that observed in the absence of a field-a low intensity shoulder followed an intense peak. However, the applied field caused the fluorescence peak to approximately double in intensity during the later stage of the Ca 2+ spike. Although the Ca 2+ intensity was altered, there was no change in the Ca 2+ spike frequency. Therefore, electric field conditions that promote metabolic resonance also promote qualitative changes in the Ca 2+ spikes of cells. However, the application of an electric field at some other point in time was found to abolish Ca 2+ spiking behavior (data not shown).
As mibefradil was shown to block metabolic resonance (Figs. 5, 6 ) at relevant doses, we checked the ability of this drug to influence Ca 2+ spikes of neutrophils during exposure to phase-matched pulsed electric fields. Cells were studied as described in the previous paragraph except that 1.5 lM mibefradil was added during observations at the point indicated in Fig. 10c . As this figure indicates, within 3 min the Ca 2+ spikes were reduced to small Ca 2+ ''bumps.'' Furthermore, after mibefradil treatment, the cells were unable to respond to electric field exposure (Fig. 10d) . Thus, this Ttype Ca 2+ channel blocker inhibits Ca 2+ spikes and Ca 2+ responses to electric fields. The ability of SKF96365, an SOC blocker, to influence Ca 2+ signaling was also tested. However, the dose of SKF96365 that inhibited the normal Ca 2+ spiking behavior was not the same as the dose that blocked cell sensitivity to electric fields. SKF96365 at 7 lM had no effect on Ca 2+ spikes (Fig. 10e ), but did block cellular detection of electric fields (Fig. 10f) . At a slightly higher dose of 10 lM SKF96365, the normal Ca 2+ spikes (Fig. 10g) as well as Ca 2+ responses to electric fields were blocked (Fig. 10h) . Thus, SKF96365 is acting on at least two sites: at a higher dose Ca 2+ signals are broadly inhibited whereas at a lower dose cell sensitivity to electric fields is blocked.
Cell polarization
The ability of phase matched electric fields to alter Ca 2+ spikes ( Fig. 10) and waves (see below) suggests that electric fields are affecting cells in a fashion similar to that of receptor ligation. In this and other ways, electric field-treated cells are very much like activated neutrophils. We therefore sought to compare SKF96365-inhibitable behavior of formyl peptide-stimulated cells to that of electric field stimulated cells. We therefore Fig. 9 Ca 2+ spikes in individual polarized indo-1-labeled neutrophils measured by microfluorometry. In panel A cells were exposed to phase-matched DC electric fields, which were applied at the time points indicated by the arrows. The Ca 2+ spikes occur at a regular interval of 20 s, as illustrated using a long time-base (10 data points/s) for detection. Importantly, the amplitude of the Ca 2+ spike dramatically increases during application of a phasematched electric field. Bar=10 5 counts. To observe the fine structure of these Ca 2+ spikes, data were also collected using a short time-base (500 data points/s). b, c Ca 2+ spikes of cells in the absence and presence, respectively, of a phase-matched electric field. The Ca 2+ spikes are not symmetrical, but rather have a small shoulder during initiation, a peak, then a decay. During application of an electric field (0.4 V/m, 200 ms), the earlier events resemble those in the absence of an electric field, but the peak intensity is approximately doubled and the total time period covered by the Ca 2+ spike is greater measured the percentage of morphologically polarized neutrophils as a function of SKF96365 concentration. In the absence of exogenous stimulants, SKF96365 has no effect upon neutrophil polarization until a dose of about 9 lM is reached. At this dose the cells lose their spontaneous morphological polarization and become spherical in shape. The formyl peptide FMLP binds to the formyl peptide receptor of neutrophils thereby activating cells. When cells were stimulated with 0.5 lM FMLP, a greater percentage of cells became polarized (approximately 70%; Fig. 11 ) in comparison to unstimulated cells. At about 4 lM SKF96365, the number of polarized cells rapidly fell to the level found for spontaneously polarized cells, i.e., receptor-independent levels. As the dose of SKF96365 is further increased, cell polarization disappears at 9 lM SKF96365, as described above for unstimulated cells. Thus, cell polarization during FMLP stimulation is a multi-tiered response, as is Ca 2+ signaling. Furthermore, when the percentage of untreated or FMLP-treated cells responding to electric fields is plotted on the same graph (Fig. 11) , inhibition of cell responses to electric fields and FMLP both occur at roughly 4 lM SKF96365. Therefore, the SKF96365-sensitive component (such as a TRP(s)) mediating cell sensitivity to applied electric fields resembles that associated with FMLP-mediated stimulation of cell polarization.
Spatiotemporal analysis of Ca 2+ waves
Although quantitative microfluorometry provides detailed temporal information regarding the Ca 2+ signaling apparatus, it does not provide spatial information. We therefore analyzed the Ca 2+ spike using high-speed microscopy as previously described Worth et al. 2003) . Extensive control studies have been previously published Worth et al. 2003) . During a Ca 2+ spike, unstimulated polarized neutrophils display a single Ca 2+ wave traveling in a counter-clockwise direction (in the laboratory frame of reference as viewed from the basal to apical surfaces) about the perimeter of the cell (Fig. 12a) . A previous study has described this Ca 2+ wave of indo-1-labeled neutrophils in some detail . Using this approach, we divided the Ca 2+ spikes observed during electric field Fig. 11 Effect of SKF96365 on cell polarization and electric field sensitivity. The percent of cells is given on the ordinate and the concentration of SFK96365 is listed on the abscissa. Experiments were performed on spontaneously polarized neutrophils (filled triangle, filled square) and FMLP-stimulated neutrophils (filled diamond, filled circle). The percentage of cells demonstrating spontaneous polarization at various SKF96365 concentrations is shown (filled triangle); it is inhibited at about 8 lM. In the presence of FMLP more cells become polarized (filled diamond). However, the FMLP-induced increase in cell polarization is abolished by 4 lM SKF96365 (filled diamond); cell polarization is completely inhibited at 8 lM SKF96365. This dose of SKF96365 also corresponds to the region of inhibition of electric field sensitivity of spontaneously polarized (filled square) and FMLP-stimulated cell polarization (filled circle) Fig. 10 Effect of mibefradil and SKF96365 on Ca 2+ spikes of neutrophils in the absence (column 1) and presence (column 2) of an applied electric field. Indo-1-labeled neutrophils were allowed to polarize on coverslips. Ca 2+ spikes were followed over time using a microfluorometry apparatus. Data points were collected at 10 s
À1
Experiments were performed using long time-base to reveal changes in Ca 2+ spikes over a period of min after addition of reagents (see arrows). In the absence of drug addition, Ca 2+ spikes are observed in neutrophils (a), which are enhanced in intensity during application of a phase-matched electric field (0.4 V/m, 200 ms) (b). Within 3 min of the addition of 20 lM mibefradil, the Ca 2+ spikes disappear (c) and are replaced by very low intensity ''bumps'' (d). Addition of SKF96365 at 7 lM had no effect on the expected Ca 2+ spikes (e), but blocked the ability of Ca 2+ spikes to respond to electric fields (f). In contrast, a higher dose of SKF96365 (10 lM) rapidly blocked Ca 2+ spikes (g) and electric field sensitivity exposure into a sequence of 18 spatiotemporal images. In each spike the Ca 2+ signal begins at the lamellipodium then travels in a counterclockwise direction until it returns to the lamellipodium. At this point in time, the counterclockwise-rotating wave is joined by a clockwiserotating wave. The Ca 2+ waves travel in opposite directions about the cell's perimeter then end at the lamellipodium. The formation of this second Ca 2+ wave is consistent with the all-or-none behavior noted above for the OTP and Ca 2+ spikes, as well as other observables reported in prior studies Rosenspire et al. 2000 Rosenspire et al. , 2001 : either there is sufficient signal to ignite a new Ca 2+ wave or there is not. The cells in Fig. 12b are becoming elongated due to the accompanying exaggerated cytoskeletal assembly, which we have previously reported during phase-matched field exposure (Petty 2000; . Figure 12b also shows that these Ca 2+ signals are similar of those found for neutrophils immediately after receptor stimulation . During receptor ligation events two waves are observed immediately after ligand binding, which then reverts to a single wave. The phase-matched electric fields of Fig. 12b show two Ca 2+ waves for each DC field application, whereas only one set of double Ca 2+ waves are observed after receptor ligation . The Ca 2+ signaling apparatus is behaving as though it has been independently ligated anew with each field pulse. Another distinction between the effects of DC electric fields and receptor ligation is that the electric field-induced clockwise wave in Fig. 12 always begins at the lamellipodium whereas it begins at the point of receptor ligation in our previous study. This is presumably due to the fact that most of the K v 1.3 and some Ca 2+ channels are clustered at the lamellipodium ( Fig. 1 ) and therefore it is most sensitive to electric fields at this point.
High speed microscopy studies were also performed to better understand the inhibitory mechanisms of mibefradil and SKF96365. When indo-1-labeled neutrophils were studied in the presence of 15 lM mibefradil, no Ca 2+ wave propagation could be observed (Fig. 12c) . Hence, mibefradil inhibits Ca 2+ signaling before electric field-specific changes in signaling are observed. Therefore, mibefradil may not be acting on a protein(s) associated with electric field detection. Figure 12d-f shows three series of high speed imaging experiments of neutrophils treated with increasing doses of SKF96365 (2, 6, and 12 lM) during application of a phase-matched electric field. Experiments at 2 lM SKF96365 (Fig. 12d) are indistinguishable from control experiments (Fig. 12a) . At 6 lM SKF96365 (Fig. 12e ) the electric field-specific changes in Ca 2+ wave propagation disappeared, although propagation of the counter-clockwise wave remained intact. This spatiotemporal finding parallels that noted previously for temporal Ca 2+ spikes (Fig. 10) . A dose of 12 lM SKF96365 Fig. 12 Spatiotemporal analysis of Ca 2+ signaling routes using high speed microscopy. Cells were labeled with indo-1 as described above. a-f Studies of Ca 2+ wave propagation. Sequential frames are shown from the left to right sides, as a page is read (shutter speed=250 ns with 20 ms between frames). a A Ca 2+ wave begins at lamellipodium (arrow) then rotates about cell periphery. b When a phase matched electric field (0.4 V/m, 200 ms) is applied to the same cell as in a, a new Ca 2+ wave is observed. The Ca 2+ wave begins at the lamellipodium, but when it returns to the lamellipodium, both counterclockwise and clockwise Ca 2+ waves are seen, which then propagate about the periphery of the cell. As illustrated in c, 15 lM mibefradil blocks Ca 2+ waves, although a brief Ca 2+ spark can be observed (arrow). In view of our findings with SKF96365, we performed high speed imaging experiments at several concentrations of this reagent. At 2 lM SKF96365, no changes in Ca 2+ waves were detected (d). At 6 lM SKF96365 one Ca 2+ wave was observed in the absence (data not shown) and in the presence of an electric field (e). At a higher dose of 12 lM SKF96365, no Ca 2+ waves could be observed (f). Images were collected for 150 ns each. The orientation of the electric field is noted by the circled arrow in (b) and (d). Electric fields were also applied to cells in e and f, but the cell and the field orientation are identical to those of (d). (·760) (bar=10 lm) blocked both Ca 2+ waves, suggesting that two different SKF96365-sensitive sites participate in the two Ca 2+ waves observed.
Effect of mbCD on cellular responses to weak electric fields
The results presented above show clearly that ion channels participate in the detection of weak pulsed electric fields and that ion channels are clustered when cells are responsive. Although morphologically polarized cells cluster K v 1.3 and TRP1 cation channels at the lamellipodium, the relative contributions of morphological polarization and ion channel clustering to electric field sensitivity are unclear. For example, one could argue that morphological polarization is crucial to field detection, not channel clustering. We therefore sought for a means to distinguish the effects of channel clustering from those of morphological changes. Previous studies have shown that lipid rafts play a crucial role in redistributing membrane components during cell polarization and that mbCD inhibits the clustering of many membrane components at the lamellipodium (Manes et al. 1999) . Therefore, neutrophils were treated with mbCD under conditions known to disrupt lipid rafts followed by immunofluorescence microscopy. Cells were treated with 5 mM mbCD for 15 min at 37°C. Samples were fixed then stained with anti-K v 1.3, anti-T-type channel, and anti-TRP1 antibodies as described above. Figure 13 shows representative micrographs of neutrophils without and with prior exposure to mbCD. In the absence of mbCD, 92±4% of the cell displayed anti-K v 1.3 clusters at the lamellipodium, 25±6% demonstrated anti-T-type channel clusters, and 88±4% exhibited anti-TRP1 channel clusters. mbCD treatment promotes the redistribution of K v 1.3 and TRP1 away from the lamellipodium (Fig. 12d, f) , although the morphological polarization of neutrophils remains intact. Quantitatively, in the presence of mbCD, 4±1.5% of the cells exhibited anti-Kv1.3 clusters, 7±2% expressed anti-T-type clusters, and 11±2% demonstrated anti-TRP1 clusters at the lamellipodium. As expected, mbCD disrupts membrane protein clustering at the lamellipodium.
To evaluate the effects of mbCD at a molecular level, as opposed to the cellular level redistribution noted by microscopic imaging, we next performed emission spectroscopy studies of RET. Figure 14 shows RET spectroscopy on both polarized and spherical neutrophils in the presence and absence of mbCD. As suggested by Fig. 2 , RET emission can be detected on both polarized and spherical cells (Fig. 14a, c, respectively) . However, treatment with 5 mM mbCD for 15 min at 37°C reduced or eliminated RET on both polarized and spherical cells (Fig. 14b, d ). RET could be restored to ‡75% of the mbCD-treated cells by incubation with autologous serum containing 50 mg/ml exogenous cholesterol for 20 min at 37°C (data not shown). Thus, mbCD was very effective at disrupting membrane clusters at both the cellular and supramolecular structural levels. As spherical cells were not sensitive to weak electric fields but were positive for RET, neutrophils apparently require membrane clusters greater than 10 nm in size to detect electric fields.
As K v 1.3 and TRP1 participate in Ca 2+ signaling, we ascertained the effect of mbCD treatment on Ca 2+ spikes of morphologically polarized neutrophils. As previously mentioned, polarized neutrophils display Ca 2+ spikes at approximately 20 s intervals (Fig. 15a) , which are substantially increased in amplitude in the presence of a phase-matched electric field (Fig. 15b) . However, treatment with mbCD dramatically reduces the intensity of Ca 2+ spikes to Ca 2+ ''bumps'' in both the absence and presence of an applied phase-matched electric field (Fig. 15c, d) . Thus, mbCD exposure leads to the redistribution of plasma membrane's Ca 2+ signaling apparatus and, concomitantly, disrupts the Ca 2+ signals previously associated with cell polarization and electric field exposure. Furthermore, the effects of mbCD were reversible, as incubation of mbCD-treated cells with autologous serum containing 50 mg/ml cholesterol for 20 min at 37°C restored normal Ca 2+ signals (Fig. 15e,f) .
We next evaluated the effect of mbCD exposure on metabolic oscillations. As previously described , electric fields appropriately timed to coincide with certain intracellular chemical oscillations enhance the amplitude of NAD(P)H oscillations in morphologically polarized cells (Fig. 16d) . However, this is not observed in mbCD-treated cells (Fig. 16e) . The loss of metabolic resonance is not likely explained by cell toxicity. First, cell metabolism and metabolic oscillations remain intact for treated cells (Fig. 16b) . Second, no irreversible changes in cell sensitivity were caused by mbCD treatment, as mbCD-treated cells incubated with $90% autologous serum containing 50 mg/ml exogenous cholesterol for 20 min at 37°C could respond to electric fields (Fig. 16f) . Moreover, at least a portion of the Ca 2+ signaling machinery remained intact in mbCD-treated cells (see below). It would therefore appear that ion channel clustering at a relatively large scale, not cell polarization, is a key factor in neutrophil detection of weak electric fields.
MPO trafficking in metabolic resonance
Although the above studies have outlined the roles of ion channel clustering in cell responses to weak phasematched electric fields, they do not account for the enhanced oscillatory NAD(P)H amplitudes (metabolic resonance). We therefore sought to tie the oscillatory changes previously described (e.g., and illustrated above (e.g., Fig. 5 ) with the signal transduction apparatus. As MPO promotes heightened NAD(P)H amplitudes in neutrophils (Olsen et al. 2003) , we tested the hypothesis that MPO trafficking participates in electric field-mediated perturbation of cell metabolism. In the first series of experiments, cells were treated with a panel of MPO inhibitors (Davies and Edwards 1989; Jerlich et al. 2000) . These inhibitors included SHA, pHBAH, HQ and cyanide. For example, neutrophils were treated with 50 mM SHA for 20 min at 37°C followed by experimentation. Although SHA had no effect on control cells not treated with electric fields, this MPO inhibitor did block the ability of cells to undergo metabolic resonance in the presence of a phasematched electric field (Fig. 17) . This effect, however, was not specific for SHA as a panel of MPO inhibitors including pHBAH, HQ, and cyanide had a similar effect (Fig. 17) . This suggests that MPO participates in metabolic resonance.
One factor believed to be important in the formation of high amplitude metabolic oscillations is the delivery of MPO and the NADPH oxidase to the same cellular compartment (Olsen et al. 2003) . As the NADPH oxidase can be found at the cell surface and MPO can be delivered to the cell surface in the presence of certain stimuli, we tested the cellular disposition of MPO in the presence and absence of stimulation with an electric field. When the cells were fixed, both untreated and electric field-treated cells displayed staining within the , but did not demonstrate heightened oscillatory amplitudes in the presence of a phase-matched electric field (trace e). However, metabolic resonance could be restored after mbCD-treated cells were incubated with serum and cholesterol (trace f) cytoplasm and in the proximity of the surface as judged by immunofluorescence microscopy (Fig. 18) . To evaluate the surface expression of MPO, live cells were observed and stained with the anti-MPO antibody. When examined by fluorescence microscopy, live untreated cells were not stained by anti-MPO (Fig. 18) . However, cells exposed to a phase-matched electric field were stained with the anti-MPO reagent, although nearby cells on the microscope slide were unstained. However, cells exposed to phase-matched electric fields could not be stained with antibodies directed against another metabolic enzyme, lactate dehydrogenase (data not shown). MPO possesses a high positive charge and thereby may electrostatically bind to the cell. To test this idea, control cells or cells treated with phase-matched electric fields were washed with a hypertonic (400 mM NaCl) for 40 s while adherent to microscope slides. Following this treatment, MPO could not be detected at the cell surface. To link these findings to our previous finding that the calcium signaling inhibitor SKF96365 blocks metabolic resonance, we tested the ability of cells treated with this reagent, as described above, to block the appearance of MPO at the cell surface during exposure to phase-matched electric fields. As illustrated in Fig. 18 , exposure to SKF96365 blocks both cell extension as well as anti-MPO labeling of the cell surface in response to electric fields. Therefore, MPO trafficking to the cell surface appears to contribute to metabolic resonance.
Based on these findings, we next sought to reconfirm the role of MPO in metabolic resonance using other approaches. In the first experiment, we added purified MPO (10 lg/ml) to untreated neutrophils. As expected, the amplitude of the metabolic oscillations increased dramatically (Fig. 19) . Moreover, if MPO is removed from the surface of cells using the salt wash protocol mentioned in the preceding paragraph, the NAD(P)H amplitudes returned to a normal level (Fig. 19) . Therefore, several lines of evidence support the idea that MPO trafficking contributes to the calcium signal-mediated initiation of metabolic resonance. Cells were either not exposed to phase-matched electric fields (columns 1 and 2) or exposed to electric fields (columns 3 and 4). In row 1, cells were fixed with 3.7% paraformaldehyde prior to labeling. In both the presence and absence of electric field treatment, extensive labeling of the cytoplasm of all cells can be noted. Significant labeling of the cell surface with anti-MPO was not observed under any condition for cells not treated with a phasematched electric field (columns 1 and 2). However, live cells exposed to an electric field (0.4 V/m, 200 ms) were stained at the cell surface with anti-MPO, although a neighboring cell not phase-matched with the applied field was not stained. MPO staining disappeared after a high salt washing procedure, which presumably dislodges electrostaically bound MPO from the cell. Furthermore, incubation with SKF96365, which blocks metabolic resonance (Fig. 4) , also blocks MPO appearance at the plasma membrane of cells exposed to electric fields. (bar=10 lm)
Discussion
In the present study we have shown that ion channel clusters participate in the detection of weak electric fields by polarized human neutrophils. Although the functional abilities of both K + and Ca 2+ channels appear to contribute to cell sensitivity to electric fields, the role of the K + channels appears to be secondary to their ability to influence the transmembrane potential of neutrophils. Low voltage T-type Ca 2+ channels participate in an early step in Ca 2+ signaling. However, as revealed by the spatiotemporal imaging of Ca 2+ waves, mibefradil blocked Ca 2+ signaling before electric field-mediated changes in Ca 2+ amplitude and wave propagation patterns. Consequently, T-type channels may constitute a requisite step in electric-field induced Ca 2+ signaling, but may not play a direct role in field detection. However, SKF96365 dose-response studies of neutrophil behavior in the presence of weak electric fields indicated that 6 lM SFK96365 blocked electric field-mediated changes in cell signaling without blocking metabolic oscillations or other Ca 2+ signals normally present in human neutrophils. Therefore, multiple membrane channels participate at multiple levels in the detection of weak electric fields. Furthermore, the channels are only capable of detecting electric fields when found in a cluster at the lamellopodium of cells. One consequence of SKF96365-sensitive Ca 2+ signaling is the translocation of MPO from intracellular stores to the plasma membrane, where MPO promotes enhanced metabolic amplitudes (Olsen et al. 2003) .
Ion channel clustering and the Galvanovskis and Sandblom prediction
A central element of the theoretical analysis of Galvanovskis and Sandblom (1997) is that cells exhibiting clusters of ion channels are far more sensitive to electric fields than cells with uniformly distributed channels. The ability of ion channels to exhibit clustering is well known in biological systems. Previous studies have demonstrated channel clusters on other polarized cells including arterial endothelium, photoreceptor synapse, olfactory neurons, muscle cells, cochlear outer hair cells and protoplasts (Shaw and Quatrano 1990; Goligorsky et al. 1995; Nachman-Clewner et al. 1999; Schild et al. 1995; Oshima et al. 1996; Vallee et al. 1997) . The present study has demonstrated that polarized neutrophils, which are sensitive to weak electric fields, demonstrate clusters of K v 1.3 channels and TRP1 channels whereas spherical neutrophils are not sensitive to electric fields and do not exhibit large channel clusters. This comparison is particularly strong because it is the same cell type in the presence and absence of ion channel clustering; the differences cannot therefore be accounted for by cell-to-cell variations. However, both morphological polarization and ion channel clustering accompany cell sensitivity to weak electric fields. To test the relative roles of morphological polarization and ion channel clustering, ion channel clusters were disrupted using mbCD (see below), which also blocked field detection without altering cell viability. Thus, several lines of evidence presented above are consistent with the prediction of Galvanovskis and Sandblom (1997) concerning the role of ion channel clustering and electric field sensitivity. Furthermore, we have provided a rational mechanism of channel clustering, identified the role(s) of several participating channel types, identified the oscillations in membrane potential as a key factor in determining the timing of electric field application, and suggested further theoretical avenues for exploration.
Biochemical mechanism of channel clustering
Our work has shown that K v 1.3 and TRP1 are clustered at the lamellipodium of morphologically polarized neutrophils. The redistribution of these membrane proteins to the leading edge of the cell was dramatic. However, several other molecules have been shown to undergo dramatic re-organizations during neutrophil polarization, including the urokinase-type plasminogen activator receptor and complement receptor type 4 (Kindzelskii et al. 1997) . Therefore, it is not surprising that some membrane proteins may accumulate at the lamellipodium. Recent studies have shown that K v 1.5, TRP1, K vCa , and Na channels are associated with lipid rafts Fig. 19 Effect of surface MPO on metabolic oscillations in the presence and absence of electric fields. The NAD(P)H autofluorescence intensity (ordinate) is plotted vs. time (abscissa) at 10 data points/s. Cells unexposed to an electric field are shown in the top row (traces a-c). A DC electric field (0.4 V/m, 200 ms), was applied to cells (bottom row; traces d-f)). The metabolic amplitude of cells not exposed to electric fields, but incubated with MPO was increased. On the other hand, the metabolic oscillation intensity could not be further increased in electric field treated cells when incubated with MPO. High salt washes had no effect on untreated cells whereas they reduced the amplitudes of cells exposed to electric fields (Martens et al. 2001; Brazer et al. 2003; Lockwich et al. 2000; Bravo-Zehnder et al. 2000; Hill et al. 2002) . Furthermore, recent studies have shown that lipid rafts accumulate at the lamellipodium of morphologically polarized cells (Manes et al. 1999) . Therefore, one might anticipate that certain membrane channels would form clusters on leukocyte membranes. Indeed, we have found this to be the case with K v 1.3 and TRP1 accumulating at the lamellipodia of neutrophils. The formation of these channel clusters has been postulated to be due to the formation of cholesterol-rich lateral phase separations in cell membranes (Pike 2003; Silvius 2003) . Lipid rafts have been proposed as signal transduction platforms to mediate a variety of biological signaling events, especially in immune cells (Dykstra et al. 2003) ; thus, both the ion channels and the cellular signaling apparatus, including its intracellular elements, are strategically clustered at the lamellipodium. Using mbCD, which has been reported to disrupt lipid rafts, we could randomize membrane channels about the periphery of the cell and, in parallel, block the effects of phase matched electric fields on cells including Ca 2+ signaling and metabolic resonance. Moreover, the effects were reversible by delivery of cholesterol to cells, which presumably reconstitutes lipid rafts. Furthermore, TRP channels, due to their oligomerization, ankyrin-like repeats, and calmodulin binding sites, also serve as key signaling platforms in cells. Thus, the lamellipodium is a key site for signaling in polarized neutrophils. Not only do these findings provide the biological basis for channel clustering, but they may also account for why electric fields induce Ca 2+ waves at the lamellipodium, but not at any other location on the plasma membrane (e.g., Fig. 12b ).
Nature of the membrane channels involved in field detection
Over the past decade there has been much interest in identifying the ''primary field detector'' responsible for the effects of weak electric fields on cells. Our works suggests that weak electric field sensitivity is not the province of any one channel or type of channel, but rather a collective property of many channels. Field detection is an emergent property that involves millions of channels within a cluster interacting with the applied field, their surroundings and one another, as well as their coupling with intracellular oscillators. Ca 2+ signaling has been previously suggested to participate in the detection of weak electric fields (Walleczek and Liburdy 1990; Uckum et al. 1995; Yost and Liburdy 1992; Lindstrom et al. 1995; Lyle et al. 1988 Lyle et al. , 1991 , although some controversy has surrounded these claims. One of the reasons for the controversy has been the lack of a robust experimental observable. As we have previously pointed out , by applying the electric field at specific intervals corresponding to certain intracellular oscillations within a specific time frame (see below), robust biological effects were found. We therefore could test the effects of various channel blockers on the cellular responses to electric fields. The well-known phenylalkylamine verapamil was found to block metabolic resonance. Verapamil is best known for its ability to bind to L-type Ca 2+ channels. However, the L-type channel blocker nifedipine did not affect cells at relevant doses. Furthermore, the dose of verapamil required to block metabolic resonance was found to be substantially higher than that required to block L-type channels. However, this dose was consistent with that required to block K + channels (Robe and Grissmer 2000; Rauer and Grissmer 1999) . Verapamil has been found to block several neutrophil functions (e.g., Haga et al. 1996; Irita et al. 1986; Simchowitz and Spilberg 1979) . When the well-known K + channel inhibitors TEA and 4-AP were evaluated, they were found to block metabolic resonance at pharmacologically-relevant doses, clearly implicating K + channels in weak electric field detection. Although more specific and powerful K + channel inhibitors have been discovered, the sale of certain of these reagents in the U.S.A. has been restricted due to their potential use as bioterrorism agents due to their potent toxicity. However, kinetic studies revealed that approximately 20-30 min was required for verapamil to block metabolic resonance. Although K + channels were clearly involved at some level, they did not seem to block early events in field detection. As K + leakage sets the membrane potential (Leonard et al. 1992; Koo et al. 1997) , prolonged incubation with K + channel blockers would be expected to reduce the membrane potential, which in turn could affect transmembrane signaling events such as Ca 2+ entry. We discovered that this was the case. Measurements of the OTP of neutrophils incubated with verapamil decreased over time. This decrease could not be accounted for by photobleaching the probe employed in these experiments. Therefore, K + channels appear to influence the detection of weak electric fields only after they have substantially reduced the transmembrane potential of leukocytes. As multiple types of K + channels collect at lipid rafts (K v 1.5, K v 1.3, K vCa , and likely others), we have not yet established which channel is responsible for the reduction of the membrane potential and metabolic resonance.
As the transmembrane potential is a key contributor to the electrochemical gradient driving Ca 2+ into cells, we further analyzed the role of membrane Ca 2+ channels. Although Ca 2+ channel blockers such as nifedipine inhibited metabolic resonance, the doses required were thousands of times higher than that required to block their Ca 2+ channel targets (L-type channels), indicating that the inhibition was non-specific. However, mibefradil, a low-voltage activated T-type Ca 2+ channel blocker, was found to inhibit metabolic resonance at pharmacologically-relevant doses. This indicates that Ttype channels participate in transducing electric field stimulation into metabolic changes. Furthermore, since T-type Ca 2+ channels are only functional within a narrow range of voltages (Perez-Reyes 2003) , it seems reasonable that perturbations of the membrane potential with K + blockers would influence T-type channel activity. However, when the effects of mibefradil on Ca 2+ signaling were more closely evaluated, it was found to inhibit more than the electric field-induced changes in the Ca 2+ signaling apparatus. In the absence of an electric field, mibefradil reduced the Ca 2+ spikes to small Ca 2+ ''bumps.'' Furthermore, when Ca 2+ signals were evaluated by high-speed microscopy Worth et al. 2003) , the Ca 2+ wave normally present in morphologically polarized neutrophils was absent; it was replaced by a brief Ca 2+ spark at the lamellipodium, presumably the physical counterpart of the temporally measured ''Ca 2+ bump.'' An absence of Ca 2+ wave propagation in mibefradiltreated neutrophils is consistent with the pericellular location of T-type Ca 2+ channels. Mibefradil appears to inhibit metabolic resonance at a step prior to electric field signal transduction changes. Thus, T-type channels are a necessary condition, but their direct role in field detection is indeterminate.
SOCs are an important component of the neutrophil transmembrane signaling apparatus for cell activation (Itagakin et al. 2002) . As the Ca 2+ wave triggered by electric field application resembled in speed, direction and intensity the Ca 2+ wave association with neutrophil activation , we examined the role of SOCs in cellular responses to electric fields. At saturating doses, the SOC channel blocker SKF96365 was found to inhibit the propagation of Ca 2+ waves, as noted for mibefradil. However, at lower doses of SKF96365 it was possible to inhibit the electric field induced Ca 2+ wave while maintaining the counterclockwise traveling Ca 2+ wave. In parallel, at a concentration of 10 lM, neutrophils were unable to undergo spontaneous morphological polarization and migration. SKF96365 at 5 lM eliminated the FMLPinduced enhancement in cell polarization without affecting spontaneous polarization. Furthermore, the Ca 2+ spikes and the counter-clockwise propagating Ca 2+ wave associated with morphological polarization were intact. When neutrophils exposed to 5 lM SKF96365 were treated with electric fields, the cells were unable to respond. Thus, there appears to be at least two SKF96365 binding affinities, likely associated with different SOCs. One of these sites is associated with cell polarization while the second contributes to Ca 2+ wave propagation in the presence of the first Ca 2+ wave and an activation signal, such as FMLP or an appropriately timed electric field. It seems likely that SOCs are part of a complex of plasma membrane proteins whose activity can be affected by weak electric fields.
Several SOCs are members of the TRP family of gene products. Several TRPs have been demonstrated at the protein and/or mRNA levels in leukocytes (Gamberucci et al. 2000) . TRP1 is one of the best characterized TRP family members (Minke and Cook 2002) . We have found that TRP1 is clustered at the lamellipodium of cells. Although TRP1 protein has been detected in leukocytes (Mori et al. 2002; Vazquez et al. 2001) , TRP1 message was not observed in neutrophils (Heiner et al. 2003) . As there is little genetic activity in neutrophils (the nucleus is condensed, hence the name polymorphonuclear leukocytes) or protein turnover (neutrophils live for only 3 days in the peripheral blood), an absence of message has no bearing on the presence of TRP1. As pointed out above, TRP1 is a lipid raft-associated protein (Lockwich et al. 2000; Trevino et al. 2001 ) and the lamellipodium is enriched in lipid raft-associated proteins, the clustering of TRP1 at this site is expected. Moreover, since there are $20 members of the TRP supergene family, it would not be surprising that these multiple TRP proteins explained the two-tiered doseresponse properties of SKF96365 on neutrophils. It would appear that two or more TRP proteins participate in neutrophil Ca 2+ signaling. It seems likely that TRP1 or one of its homologues participates at a very early step in the detection of weak electric fields. Table 1 summarizes the roles of membrane channels in cell responses to weak electric fields. Briefly, extracellular Ca 2+ appears to play a role in the cellular detection of weak electric fields because metabolic resonance can be eliminated by washing Ca 2+ out of the bathing solution. As Ca 2+ is not required for the morphological polarization of neutrophils (Marks and Maxfield 1990) , the effect could not be due to lack of cell polarization. However, verapamil did not inhibit metabolic resonance due to its effect on Ca 2+ channels, but rather an effect on K + channels. K + channel inhibitors apparently influenced metabolic resonance via their role in setting the membrane potential, which in turn affects Ca 2+ entry. T-type Ca 2+ channels are required for electric field detection, but may play more of a supporting role than actually responding to the field. SOCs are the earliest membrane channels that we have found which participate in field detection. This is consistent with the recent study of Trollinger et al. (2002) showing the Gd 3+ , which blocks SOCs, inhibits galvanotaxis; this raises the possibility that SOCs are broadly relevant to electric field-cell interactions. Importantly, the K + channels and SOCs are strategically clustered at the lamellipodium, as shown by the ability of lipid raft inhibitors to reorganize the distribution of these channels and abolish sensitivity to electric fields.
Chemical oscillators and the timing of field application
Chemical oscillations are a well-known feature of many cell types, including neutrophils (Petty 2001) . Membrane potential, metabolism, intracellular Ca 2+ concentrations, superoxide production, pericellular proteolysis, cell shape, velocity and other properties are known to oscillate in polarized neutrophils. Prior theoretical (Galvanovskis and Sandblom 1997; Kaiser 1993, 1995) and experimental (e.g., Lindstrom et al. 1995; Lyle et al. 1991 ) studies have suggested that Ca 2+ signaling participates in cellular detection of weak electric fields. However, experimental studies have generally applied electric fields to large populations of cells followed by bulk assays, which necessarily discards all of the oscillatory and phase information associated with both the electric field and the oscillatory chemistry of each individual cell. Our earlier work has stressed the importance of electric field frequency and phase with respect to intracellular chemical oscillators . Therefore, we have carefully frequency-and phase-matched electric field application with intracellular oscillators and obtained robust findings concerning the roles of ion channels in electric field detection. Previous publications from this laboratory have shown that when a brief DC electric field is applied during a trough in the NAD(P)H oscillation, the NAD(P)H oscillations, as well as Ca 2+ oscillations and other parameters, grow in amplitude Petty 2000) . Although cellular responses correlated with the NAD(P)H trough, it does not mean that the applied field was acting by directly affecting cell metabolism. During the course of these studies, we discovered another cellular variable that correlated strongly with timing of electric field sensitivity: the transmembrane potential. Although the applied electric field is likely too weak to register as a change in transmembrane potential, the applied field affects the slope of the periodic membrane depolarization leading to greater depolarization of the membrane (Fig. 7a, trace 7) . The enhanced oscillatory depolarization is completely consistent with the enhanced cation entry during exposure to electric fields. In our experiments the phase-matched DC electric field was applied just before the Ca 2+ peak, which is during the periodic membrane depolarization-but before the depolarization is complete. When the fluorescence reaches its minimum intensity (maximal depolarization), the Ca 2+ intensity has reached its peak intracellular concentration. If the electric field is applied at some other point in the oscillatory cycle, cells do not respond with enhanced Ca 2+ entry and metabolic changes. This change in the oscillatory transmembrane potential is, like the change in Ca 2+ wave patterns, one of the earliest effects specific for applied electric fields. Interestingly, it seems to appear at the time that would have corresponded roughly to the depolarization trough, had the field not been applied. This may correspond to the time when two Ca 2+ waves appear during exposure to the applied electric field.
Emergent properties of channel clusters
Our findings are consistent with certain features of the Galvanovskis and Sandblom (1997) model of cell interactions with weak electric fields. In this paper they report a signal-to-noise (S/N) ratio of 0.3, which is somewhat low, but an improvement over earlier theoretical treatments. As previously mentioned, channels form small clusters in lipid rafts of spherical cells and large clusters at the lamellipodium of neutrophils. As spherical cells may display RET but not electric field sensitivity, then the effective clusters must be large in size. If a TRP family member is an early component in field detection, then small microscopic clusters (Fig. 2l ) may be below the detection threshold. Galvanovskis and Sandblom (1997) anticipated much smaller channel clusters of 10 2 -10 3 channels. As the S/N ratio goes as the square root of N and the number of the channels at the lamellipodium is $10 6 , a polarized cell will have a S/N ratio $30 (which may be further improved using our smaller signal frequency). Clusters several lm in size containing $10 6 channels are associated with weak field detection. The S/N estimate of Galvanovskis and Sandblom (1997) may be low due to the conservative estimate of channel numbers, at least with respect to the neutrophil system.
In addition to channel clustering, other mechanisms of amplification may participate in the detection of weak electric fields. For example, if the clusters have regions of densely packed ion channels, channel-to-channel cooperativity may provide further amplification (Duke and Bray 1999) . Neumann (2000) has recently discussed electric field detection in the presence of channel cooperativity. Furthermore, allosteric modulation of ion channels is an emerging theme in biology (Rothberg 2004) . One integral requirement for cooperative interactions among proteins is their molecular proximity. Although we have not formally demonstrated cooperativity among ion channels, our RET experiments show that these channels are less than $7 nm from one another. Since this is the approximate size of a channel, this suggests that ion channels can form nearest neighbor complexes and, therefore, could display functional cooperativity. This would also be consistent we our earlier study showing a threshold effect in electric field sensitivity, as evidenced by a sigmoidal dose-response curve , which is a widelyrecognized feature of systems exhibiting cooperativity. Furthermore, the all-or-none type of behavior exhibited by this system is consistent with reaching a threshold that supports the propagation of a Ca 2+ wave. Our high speed fluorescence microscopy experiments show that phase-matched electric field application causes Ca 2+ entry at the lamellipodium (Fig. 12) . However, Ca 2+ entry occurs simultaneously from a large region of the lamellipodium, suggesting that the channels are operating in unison-consistent with a cooperative mechanism. In addition to the idea of channel-channel interactions mediated by a conformational spread, channel-tochannel communication is also provided by Ca 2+ . For example, as Ca 2+ accumulates intracellularly, it is known to bind to channels to promote further Ca 2+ release. We speculate that inclusion of ion channel cooperativity will diminish or remove remaining differences between theoretical expectations and experimental observations.
Galvanovskis and Sandblom, as well as other theoreticians, speculate that intracellular Ca 2+ oscillations may constitute an appropriate detector with a narrow bandwidth. This, of course, is consistent with our observations of Ca 2+ oscillations and Ca 2+ wave in polarized neutrophils. Therefore, certain elements of Galvanovskis and Sandblom's (1997) theoretical treatment are consistent with our experimental observations of weak electric field interactions with living cells.
Signaling promotes MPO surface expression
Although ion channel clustering provides a route to understanding field detection, it does not account for the metabolic changes noted in our previous studies . One bioeffect of Ca 2+ signaling is the release of intracellular granules. MPO, which is stored within intracellular azurophilic granules, can be secreted by cells (Xu and Hakansson 2002) . Furthermore, MPO enhances the amplitudes of metabolic oscillations when it is deposited in the same compartment as the NADPH oxidase (Olsen et al. 2003 ). Therefore, we tested the ability of phase-matched electric field exposure to affect the disposition of MPO in cells. We found that the electric field treatment protocol resulted in the appearance of MPO at the cell surface. MPO is known to be a highly cationic protein. When MPO was removed from the cell surface or inactivated by inhibitors, the ability of electric fields to influence metabolism was lost. Furthermore, the changes in metabolic oscillations caused by electric field exposure could be mimicked by added purified MPO to untreated neutrophils. We previously suggested cell surface charges played an important role in field detection based upon the finding that neuraminidase treatment, which removes many negative cell surface charges, decreased metabolic amplitude responses to electric field exposure . In the light of our more recent findings presented in this study, it seems likely that the reduction in cell surface charge simply prevented MPO from binding to the cell surface, thereby eliminating the effects of MPO on cell metabolism, as shown here. This model could be further investigated using MPO knock-out mice, which should not display these metabolic responses to phasematched electric fields, and by using green fluorescent tracers targeted to the azurophilic granules. Signalmediated MPO trafficking appears to be a likely mechanism of phase-matched electric field effects on neutrophils that accounts for changes in metabolism, oxidant production and DNA damage in response to weak electric fields .
Based upon the experimental observations presented above, we propose a tentative biological model of weak electric field effects on cells (Fig. 20) . We believe that electric field exposure simply taps into a pre-existing pathway of neutrophil activation. Polarized cells become responsive because lipid rafts redistribute ion channels into a large cluster or array at the lamellipodium. These cells demonstrate temporal oscillations of Ca 2+ and NAD(P)H as well as traveling Ca 2+ and NAD(P)H waves. When a weak electric field is applied to the cells during Ca 2+ wave propagation, the array of ion channels, whose sensitivity is greatly enhanced by clustering, promote the propagation of a second Ca 2+ wave, just like receptor stimulation of neutrophils . We speculate that this activation-associated Ca 2+ wave promotes the release of MPO-containing granules from the cell, which results in MPO accumulation at the cell surface. Neutrophil adherence is sufficient to produce low levels of reactive oxygen metabolite (ROM) production. MPO thereby promotes high amplitude metabolic oscillations (or metabolic resonance) and large amounts of ROM production as described by Olsen et al. (2003) . The enhanced levels of ROMs production lead to DNA damage .
Additional implications and corollaries
One corollary suggested by the above data concerns the role of T-type Ca 2+ channels in neutrophil activation. Recent studies have suggested that mibefradil, originally developed as an anti-hypertensive, has anti-inflammatory properties in animals (Bilici et al. 2001) . Although this is presumably mediated by its ability to bind to T-type Ca 2+ channels, it is not clear which inflammatory cells might be involved or how mibefradil might act as an antiinflammatory. We now report that T-type channels are expressed by human peripheral blood neutrophils as judged by immunofluorescence microscopy. A previous study from this group has shown that neutrophil activation is accompanied by two traveling Ca 2+ waves . When the first wave is inhibited, the second wave elicited by the activation stimulus does not form. Consequently, mibefradil's ability to block both Ca 2+ waves likely explains its ability to act as an anti-inflammatory (Bilici et al. 2001 Worth et al. 2003) . Although mibefradil is no longer used as an anti-hypertensive due to dangerous drug interactions, it may be useful in a more limited clinical setting where patients' lives are in immanent danger due to ''run-away'' inflammatory responses, such as those during septic shock and stage II anthrax. Alternatively, mibefradil-like drugs that do not block the metabolism of other drugs may also be useful in this regard.
The experimental strategy developed to dissect the effects of weak electromagnetic fields on cells has several key advantages. In the analysis of signal transduction pathways, the application of exogenous electric fields has certain advantages. Importantly, the electric field can be applied at the discretion of the observer, without the need to apply ligands or inhibitors to cells. In this way, the signal transduction pathways can be managed by the push of a button. In addition, high speed imaging allows us to spatiotemporally resolve the spatiotemporal dynamics of the Ca 2+ signaling apparatus. This, in turn, allows us to distinguish between those signaling events unique to responses to electromagnetic fields and those that are associated with other cell signaling phenomena. For example, the counterclockwise Ca 2+ wave is associated with cellular phenomena such as migration whereas the clockwise Ca 2+ wave is tied to cell activation responses , including that stimulated by electric fields (this study). This allows us to analyze the multiple channels and signaling waves associated with complex physiological events. In addition, it provides us with a way to study channel function on cells without the necessity of using pharmacological tools.
Our approach to understanding the complex nature of electric field detection by neutrophils provides a paradigm for future studies of weak electric field-to-cell interactions. Our robust analysis of cell-to-field interactions has led to the identification of one type of SKF96365-sensitive membrane channel, likely a SOC of the TRP family of cation channels, as a key participant in the detection of weak phase-matched electric fields. Using molecular biological techniques, such as antisense reagents, it may be possible to identify the channel responsible for ignition of the second Ca 2+ wave in the presence of an appropriately timed field. Additional characterization of the electric field-sensitive component(s) is currently underway. Furthermore, the identification of SKF96365 as an inhibitor near the electricfield detection mechanism allows other investigators to test the role of SOCs in other bioelectromagnetic experiments.
There has been considerable public concern regarding the health effects of weak electromagnetic fields. Although our data do not speak directly to this point, they do provide a rational mechanism linking channel clusters (this study) with downstream DNA damage . Although time-varying electric fields will not penetrate organisms, time-varying magnetic fields will penetrate tissues. We have shown that brief magnetic field exposure affects neutrophils in vitro (Rosenspire et al. 2003) , which suggests the possibility of using time-varying magnetic fields to treat human disease. Instead of focusing on the potentially harmful effects of electromagnetic fields, we believe that more attention should be focused on the potential benefits of using non-invasive time-varying magnetic fields to treat human disease, which may now be possible on the basis of the mechanistic evaluation of signaling reported herein. 2+ signaling events and MPO trafficking which combine to increase the production of reactive oxygen metabolites (ROM) by neutrophils. Enhanced ROM production leads to DNA damage in the cell. The mechanistic steps are illustrated from top to bottom
